Background: Brain microstructural maturation progresses rapidly in the third trimester of gestation and first weeks of life, but typical microstructural development may be influenced by the presence of critical congenital heart disease (CHD).
Introduction
Neurological problems are common in survivors with critical congenital heart disease (CHD), including cerebral palsy, cognitive delay, behavioral problems and psychiatric disorders. 1, 2 In children and adolescents born with critical CHD, brain white matter (WM) microstructural integrity is reduced when compared to healthy controls, and these reductions are associated with poorer cognitive and executive functioning. [3] [4] [5] Several studies have observed that WM microstructural immaturity in critical CHD is already present at neonatal age. [6] [7] [8] [9] [10] In the last part of gestation, the brain undergoes rapid microstructural changes. In the normal situation, the brain is responsible for 50% of total fetal oxygen consumption. 11 However, in fetuses with critical CHD, cerebral oxygen delivery and oxygen consumption are reduced when compared to healthy fetuses. 12, 13 In most cases of critical CHD, the anatomical change causes a mixture of oxygen-rich and oxygen-low blood delivered to the brain, reducing blood oxygen content. In addition, obstruction of the aortic valve or aortic arch can reduce cerebral blood flow. 14 Diffusion tensor imaging (DTI) allows quantitative analysis of the brain at a microstructural level in vivo. 15 With development, brain water content decreases and WM microstructure becomes more organized with the formation of axonal membranes and myelination. These developmental processes limit the movement of water molecules to certain directions (anisotropic diffusion). Fractional anisotropy (FA) and mean diffusivity (MD) are two DTI based measures used to quantify the integrity of WM microstructure by measuring the degree of anisotropy (FA) and the magnitude of average water diffusion across all directions (MD). 15 With increasing postmenstrual age (PMA), FA increases in the WM and decreases in the cortex, while MD decreases in all brain regions. 16, 17 In typical development, brain microstructural maturation follows a well-established organized pattern, in a posterior-to-anterior and central-to-peripheral direction. 18 In critical CHD, it is still unknown if antenatal and postnatal developmental trajectories of brain microstructure follow
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this same organized pattern and whether there are differences among cardiac defects.
Knowledge on the pattern of brain microstructural development in critical CHD will provide a basis for further research investigating the prognostic value of brain microstructural developmental alterations in clinical practice and the development of interventions to improve brain development.
In this study, the aim was to investigate white matter microstructural development in a cohort of term born neonates with critical CHD using atlas-based DTI, related to type of critical CHD. The secondary aim was to evaluate the association between white matter microstructural maturity and neonatal ischemic brain injury. 

Methods
Study population
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undergoing an arterial switch procedure were cooled to ≈28°C. Either ante grade cerebral perfusion or deep hypothermic cardiac arrest was chosen as perfusion technique by standard double venous cannulation.
MRI scanning protocol
All subjects were scanned in a 3.0 T MR system (Philips Medical Systems, Best, Netherlands without gap). All MR images were scored for ischemic brain injury: moderate-severe white matter injury (WMI, >3 lesions <2mm, ≥2 lesions ≥2mm) and stroke (single white matter lesion ≥2mm or stroke with cortical or deep grey matter involvement). All MR images were scored independently by two reviewers with experience in neonatal neurology blinded for clinical course.
The DTI protocol consisted of a single-shot spin-echo echoplanar imaging sequence (TR/TE=6500/80ms, FOV=160x160x90mm, acquisition matrix=80x78mm, reconstruction matrix=80x80mm, slice thickness=2mm without gap), acquired in the axial plane with diffusion gradients applied in 45 directions with a b-value of 800 s/mm2 and one nondiffusion weighted image.
DTI analysis
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DTI data were analyzed using the DTI toolbox ExploreDTI (http://www.exploredti.com/). 19 Data were corrected for subject motion and eddy current induced distortions. 20 Tensor estimation was performed using the REKINDLE approach for outliers. 21 Automated atlas based analysis with registration to the JHU neonatal brain atlas (http://cmrm.med.jhmi.edu/), 22 using both affine and elastic transformation, was performed for all subjects. All data were visually inspected in terms of quality of tensor estimation, motion correction and template registration using the outlier profile inspection tools embedded within the DTI toolbox ExploreDTI. 19 FA and MD were calculated in the 122 brain structures provided by the JHU neonatal brain atlas, 61 structures per hemisphere, of which 16 white matter structures were chosen for this study (figure 1). 22 Very strong correlations were seen between gestational age at birth and PMA at postnatal
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(preoperative) MRI (r=0.886, p=0.03*10 -18 ) and therefore gestational age at birth was not taken into account as clinical variable. For all tests, p-value was corrected for multiple comparisons using Bonferroni correction. 
Results
Seventy
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Association of brain microstructure with acquired ischemic brain injury
Preoperative moderate-severe WMI was seen in 12 neonates and stroke in five (table 1). No significant difference in preoperative FA/MD of any WM structure was seen between neonates with and without preoperative WMI (example; FA PLIC mean 0.355 and 0.357, respectively, p=0.68). Between neonates with and without preoperative stroke, no differences
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were seen in FA/MD of WM structures (example; FA PLIC mean 0.362 and 0.356 respectively, p=0.85). In addition, no differences in postoperative FA/MD were seen for neonates with new WMI or new stroke (data not shown). Increase in overall WM FA was lower in neonates with ischemic brain injury when compared to neonates without ischemic brain injury (+1.5% versus +2.3%, p=0.001). However, no differences in increase in FA/MD were seen when specified per WM structure between neonates with and without ischemic brain injury (data not shown).
Association preoperative white matter microstructure and clinical factors
Preoperative PMA at time of scan was associated with preoperative FA in all WM structures.
Postoperatively, an association between postoperative PMA was only still seen for superiorly and anteriorly located WM structures (table 3) . Multivariable analyses showed no significant correlations of gender, birth weight z-score, Apgar score, postnatal diagnosis or low cardiac output syndrome with average preoperative FA/MD values (data not shown). Within the group with preoperative low cardiac output syndrome (N=15, 27%), no differences in FA/MD of any WM structure were seen between the neonates developing WMI and neonates without WMI (data not shown).
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Discussion
This study examined white matter microstructural development before and after cardiac surgery in a longitudinal cohort of neonates with critical CHD, using atlas-based DTI analysis which has previously been described as a sensitive method to examine neonatal brain microstructure. 17, 22 In contrast to most DTI studies in neonates with critical CHD, our study uses a whole brain automated atlas-based approach, rather than manually selecting specific white matter regions, gaining a more detailed impression into differential microstructural brain development between different cardiac defects. This is an important first step to identifying microstructural changes that could provide early prognostic biomarkers or guide neuroprotective interventions.
Previous studies have shown neonatal brain immaturity in all critical CHD groups when compared to healthy neonates. [6] [7] [8] [9] [10] This study describes three primary observations on brain microstructural maturity in neonates with critical CHD. Firstly, we observed more mature WM microstructure (i.e. higher FA and lower MD) in posterior compared to anterior, in central compared to peripheral, and in inferior compared to superior WM structures. These findings revealed brain microstructural development to follow the same organized pattern in critical CHD as reported in preterm and healthy neonates. 17, 18, 22, 23 Secondly, different levels of maturity in microstructural integrity were seen between CHD groups, with TGA and LVOTO showing the most mature WM microstructure and SVP the least mature. These findings might reflect the different degree of disturbance in antenatal brain development by changes in cerebral blood flow and oxygen delivery among cardiac defects. The order of most mature to least mature white matter structures was not different between cardiac defects. Thirdly, degree of brain microstructural immaturity was not related to ischemic brain injury, either
before or after open-heart surgery. Although previous studies have suggested that brain immaturity increases the risk to acquire brain injury in neonates with critical CHD, 10, 24 our results based on FA/MD do not suggest such a relationship.
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Preoperative DTI measurements obtained during the first days of life in neonates with critical CHD reflect antenatal brain microstructural development. A high degree of agreement in the relative order of regions from low-high FA and high-low MD was seen between our population of critical CHD and previous reports in extremely preterm infants and healthy neonates. 17, 18, 22, 23, 25 This suggests that reduced fetal brain oxygen delivery and oxygen consumption in critical CHD affects global brain microstructural maturation rather than the maturation of specific white matter structures. The posterior-to-anterior fashion of brain development has also been shown in brain perfusion studies. 26 Further research might reveal whether there is an association between brain perfusion development and brain microstructural development in fetuses and neonates with critical CHD.
Over the last years several studies found lower WM FA before surgery in neonates with critical CHD in the overall WM, 6, 7, 10 and specifically in the corpus callosum, 8, 9 when compared to healthy neonates. In fetal life, pre-myelinating oligodendrocytes (immature oligodendrocytes) are the most dominant type of oligodendrocytes in the human white matter. 27 Pre-myelinating oligodendrocytes are vulnerable to hypoxia and after hypoxicischemic injury pre-myelinating oligodendrocytes fail to mature to myelin-producing oligodendrocytes, resulting in impaired myelination of the white matter axons. [28] [29] [30] [31] This explains the particular vulnerability of the white matter for microstructural immaturity in fetuses with critical CHD who are suffering reduced cerebral blood flow and blood oxygen content when compared to healthy fetuses. 13 Differences in microstructural maturity between CHD groups were more clear in centrally than in peripherally located WM structures, supporting the hypothesis that brain immaturity finds its onset at the earlies t stages of brain microstructural development.
In this study, neonates with TGA showed higher FA values in the majority of WM structures when compared to neonates with SVP-AO, LVOTO or RVOTO. This might indicate that the reduction in antenatal cerebral blood flow affects brain microstructural integrity as measured by FA to a higher degree than decreased cerebral blood oxygen content alone, as neonates
with TGA have a severe reduction in cerebral blood oxygen content but do have less disturbance in cerebral blood flow than SVP-AO and LVOTO. 12, 13 This is supported by a previous study showing more severe brain microstructural immaturity to be associated with smaller aortic diameter. 32 In neonates with TGA, aortic size is not impacted, where aortic arch obstruction is the main problem in SVP-AO and LVOTO. Interestingly, neonates with LVOTO showed the most mature WM microstructure as measured by MD. The majority of fetuses with LVOTO has close to normal in utero blood oxygen saturation, especially when compared to TGA and SVP-AO, which might play a role in the extent to which microstructural integrity as measured by MD is impacted.
Several previous studies have suggested that WM immaturity increases the risk of postnatal WMI in neonates with critical CHD. 10, 24, 33 One study in critical CHD found lower WM FA values in a small population of neonates with preoperative brain injury (WMI or stroke) when compared to neonates without brain injury. 10 WMI is suggested to follow the pattern of WM microstructural maturation, with the predominant location of white matter lesions shifting from posterior to anterior with increasing gestation. 34 In neonates with critical CHD, WMI is the most common type of acquired brain injury and most likely caused by acute fluctuations in cerebral perfusion and oxygenation. 14 WMI is associated with poorer outcomes at schoolage. 35 In our study, no differences in preoperative FA or MD values of any WM structure were seen between neonates with and without preoperative WMI. Even the PLIC, the most mature WM structure and not involved in WMI in any of the included neonates, did not expose a difference in maturity between neonates with and without WMI. The role of brain immaturity in the onset of ischemic brain injury in neonates with critical CHD remains uncertain and this role might be more dependent on the exposure to postnatal complications such as low cardiac output syndrome.
Changes in DTI are described as linear processes between 37 and 44 weeks PMA. 22, 36 The percentage of change in FA and MD from preoperative to postoperative time point (14 days time) in our population of neonates with critical CHD is lower than previously reported in
extremely preterm infants until 44 weeks. 17, 36 This suggests that the critical intensive care period with major cardiac surgery might further delay brain microstructural development in neonates with critical CHD. Overall, white matter microstructural integrity as measured by FA showed higher increase in neonates without ischemic brain injury than in neonates with ischemic brain injury, although this difference could not be identified in specific white matter structures. The extent to which this brain microstructural developmental delay remains after the neonatal intensive care period into infancy warrants further attention.
Quantifying brain microstructural development in neonates with critical CHD contributes to the understanding of brain developmental trajectories in this population with a high risk of brain immaturity. Future research including longitudinal MRI in healthy individuals is necessary to investigate whether brain microstructural immaturity in neonates with critical CHD extends into childhood. In this perspective, more detailed analysis of white matter networks in relation to ischemic brain injury and neurodevelopmental outcomes seems highly relevant. There are several limitations to this study. Absolute measurements of brain microstructure must be interpreted with caution, as these may be influenced by diffusion model, MRI parameters and brain architecture (crossing fibers may contribute to variation in FA/MD values). 22, 37 The used neonatal brain atlas was constructed with data from a healthy term population with a different type of MRI scanner and MRI protocol. However, we checked the quality of template registrations and diffusivity measurements for all neonates inc luded in this study and concluded this was sufficient in all cases.
This study examined brain microstructural development in a longitudinal cohort of neonates with critical CHD, using atlas-based DTI analysis. A high degree of agreement in order of WM structures by microstructural maturity was seen between CHD groups and with previous reports in preterm and healthy neonates. Different levels of antenatal disturbance in cerebral blood flow and blood oxygen content might be underlying to the differences in WM microstructural integrity among CHD groups, with TGA and LVOTO showing the most mature
WM microstructure and SVP-AO the least mature. This study could not reveal an association between brain WM microstructural maturity and the risk of acquired ischemic brain injury. A C C E P T E D M A N U S C R I P T 
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Figure legends
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Highlights  Preoperative white matter integrity related to critical CHD type.  Largest difference across CHD types in most mature white matter structures.  Pattern of white matter development not related to critical CHD type.  White matter maturity not related to higher risk neonatal ischemic brain injury 
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